Statin therapy reduces cardiovascular events in patients with, or at risk of, atherosclerotic cardiovascular disease. However, statins are underutilized in patients for whom they are indicated and are frequently discontinued. Discontinuation may be the result of statin-associated muscle symptoms (SAMS), which encompass a broad spectrum of clinical phenotypes from myalgia to severe myopathy. As with many adverse drug reactions (ADRs), interindividual variability in susceptibility to SAMS is due, at least in part, to differences in host genetics. The genetic basis for SAMS has been investigated in candidate gene studies, genome-wide association studies, and, more recently, studies of multi-omic networks, including at the transcriptome level. In this article, we provide a systematic review of the pharmacogenetic basis of SAMS, focusing on how an understanding of the genetic and molecular determinants of SAMS can be considered in a personalized approach to reduce the incidence of this ADR, optimize statin adherence, and reduce the risk for cardiovascular events.
Introduction
Statin therapy has been shown to reduce atherosclerotic cardiovascular events in individuals with, or at risk of, cardiovascular disease. 1, 2 Utilization of high-intensity statins in patients hospitalized for myocardial infarction (MI) has improved after publication of the American College of Cardiology (ACC)-American Heart Association (AHA) secondary prevention guidelines 3 ; however, utilization of statin therapy in this population remains suboptimal. 4 In high-risk primary prevention individuals, utilization of statin therapy is even lower. 3 After initiation of high-intensity statin therapy in patients hospitalized for a MI, down-titration of statin or a change to a non-statin regimen is associated with a 1.5-fold increased risk of recurrent MI or hospitalization for a cardiovascular event. 5 Within 1 month of a non-ST elevation MI, statin discontinuation or down-titration is associated with a higher risk of cardiovascular events and higher mortality. 6 In clinical trials of participants who experience statin-associated muscle symptoms (SAMS) on two or more occasions, 57-75% do not experience muscle symptoms upon re-challenge when evaluated in a double-blind, placebo-controlled crossover trial. [7] [8] [9] [10] Thus, reliance on patient-reported symptoms, and interpretation of those symptoms by the healthcare provider, is challenging. 11 Clinical tools have been developed to improve the diagnostic accuracy of SAMS, including the SAMS clinical index (SAMS-CI) tool. 12, 13 When assessed in the Coenzyme Q10 trial, 10 the SAMS-CI had a positive predictive value of 67% and a negative predictive value of 91%, thereby validating this as a clinical aid, particularly in its ability to rule out SAMS. 14 Clinical practice guidelines on the management of SAMS have been published by major professional organizations. 13, 15, 16 In this review, we discuss a personalized approach to understanding the molecular and cellular basis for the spectrum of muscle adverse events that are reported in statin-treated patients. The high cardiovascular event rate in patients with indications for statins but who down-titrate or discontinue statins, and the attendant economic burden to society, mandates better understanding of genetic susceptibility. Through this personalized approach, individuals who have a susceptibility to SAMS might be more efficiently transitioned to other LDL cholesterol (LDL-C) lowering
treatments. Furthermore, individuals without a genetic susceptibility to SAMS may warrant evaluation for primary muscle disorders.
Spectrum of statin-associated muscle symptoms and injury
For many years, adverse muscle symptoms were characterized under the term 'statin myopathy'. 17, 18 However, statin myopathy is a neuromuscular term used to describe muscle weakness. 13 In 2014, the National Lipid Association Task Force advocated use of specific terminology to describe the spectrum of adverse muscle events ( Table 1) .
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This terminology was based on symptoms and pathophysiological mechanisms. The term 'SAMS', therefore, encompasses a broad spectrum of symptomatic muscle complaints with or without biochemical evidence of muscle damage. Herein, we deliberately use SAMS to indicate the entire spectrum of muscle-related complaints and, where appropriate, define the specific phenotype used in various studies described below. However, it should be noted that there exists considerable heterogeneity and uncertainty in the definitions of SAMS.
Literature review
We searched the PubMed database from to 1966 to March 2018 using multiple search term strategies: statin AND myopathy AND genetics, statin AND muscle AND genetics, statin AND pharmacogen*. Abstracts were reviewed for relevance and, if relevant, full-text articles were retrieved and reviewed.
Genetic associations of SAMS

Candidate gene studies
Early studies focused on candidate genes hypothesized to play a role in SAMS by virtue of their impact on statin metabolism, transport, or action [19] [20] [21] [22] (Table 2) . These studies identified suggestive associations between SAMS and variation in cytochrome P450 genes, including CYP3A4, CYP3A5, CYP2D6, and the vitamin D receptor gene. In general, most of these associations have not been widely replicated.
ABC transporters including ABCB1 and ABCG2 are expressed on the canillicular membrane of hepatocytes and are thought to mediate the excretion of statins into bile. Variation in the ABCB1 gene has been reported to be associated with myalgia. 43 Variation in ABCG2 impacts the plasma concentrations of statins, in particular, atorvastatin and rosuvastatin. 44 Carriers of an ABCG2 variant are reported to have an increased risk of atorvastatin-associated adverse drug reactions (ADRs). 42 
Genome-wide association studies
The first genome-wide association study (GWAS) of SAMS was performed in the Study of the Effectiveness of Additional Reductions in Cholesterol and Homocysteine (SEARCH) study population. SEARCH involved >12 000 individuals with cardiovascular disease who were randomized to treatment with either 80 mg or 20 mg of simvastatin daily. 45 Myopathy, defined as creatine kinase (CK) elevation of >10Â the upper limit of normal, occurred in 49 participants (0.8%) randomized to 80 mg of simvastatin, and 2 participants (0.03%) randomized to 20 mg of simvastatin. Importantly, the 25-fold excess of myopathy cases in the high-vs. low-dose groups of this randomized control trial confirms the real, though very rare, risk of myopathy associated with statin use, and the influence of dosing on this ADR. An additional 54 cases had 'incipient myopathy', defined as CK > 3 Â upper limit of normal (ULN) and alanine aminotransferase > 1.7 Â the baseline. A coding variant (p.Val174Ala, rs4149056) in the SLCO1B1 gene was found to be significantly associated with myopathy in this study. 23 This association was confirmed in the Heart Protection Study. 23 Subsequently, multiple studies have confirmed the association between SLCO1B1 rs4149056 and SAMS, [24] [25] [26] [27] all with similar odds ratios of 1.7-4.5, making this the most well-validated genetic association for SAMS. The strength of association appears to be greatest in those studies that considered a more severe phenotype as documented by significant elevation in CK (odds ratio 3.2-4.5) 23, 25, 27 compared with studies that included patients with a less severe phenotype based on myalgia or statin discontinuation (odds ratio 1.7-2.05) 24, 26, 28, 29 The SLCO1B1 gene product is responsible for hepatic uptake of statins. rs4149056 is a non-synonymous missense variant in exon 5 of the SLCO1B1 gene that changes a conserved valine amino acid to alanine at position 174. The global minor allele frequency of this variant is 12.9%, 46 but its frequency varies widely across different ethnic groups, from 2% in 48, 49 In the presence of the loss-of-function rs4149056 variant, plasma levels of statin are increased, 48, 49 leading to greater systemic exposure, including at the level of muscle, which is thought to be the mechanism for the increased risk of SAMS in these patients ( Figure 1) . The association of rs4149056 with SAMS is statin-specific and appears to be strongest for simvastatin, with a lesser association for atorvastatin or other statins. 25, 27, 50 No association of this variant with clinical myalgia in patients receiving rosuvastatin was reported in the JUPITER trial population. 51 This is in keeping with the much greater impact of this variant on plasma levels of simvastatin compared with other statins. 48, 49 The statin-specificity of this association has implications for management of patients and forms the basis of the guidance from the Clinical Pharmacogenomic Consortium that carriers of rs4149056 should be treated with a statin other than simvastatin. 52 A smaller GWAS conducted in cases of cerivastatin-associated rhabdomyolysis identified through legal claims (n = 185) and matched to control patients treated with other statins (n = 645), identified an association with an intronic variant (rs2819742) in the ryanodine receptor 2 (RYR2) gene. 39 While it is tempting to hypothesize that RYR2 variation may predispose to statin-induced myopathy in a manner analogous to the role of RYR1 in anaesthetic-induced malignant hyperthermia, such an effect remains speculative, and to date, the association between RYR2 and SAMS has not been independently replicated.
A genome-wide expression quantitative trait locus (eQTL) analysis in lymphoblastoid cell lines (LCLs) identified a cis-eQTL in the GATM gene that interacted with simvastatin treatment. 35 A SNP at this locus (rs9806699) was more strongly associated with GATM expression after simvastatin treatment compared with after treatment with control buffer. 35 This SNP was associated with a reduced risk of statinassociated myopathy in two patient cohorts. 35 However, subsequent studies have failed to replicate this finding. 36, 53, 54 Two GWAS have identified variation in the LILRB5 gene associated with circulating CK levels in the absence of statin use. 55, 56 In particular, individuals homozygous for the Asp247 allele of the p.Asp247Gly (rs12975366) variant have higher circulating CK levels. Recently, individuals homozygous for the common Asp247 genotype in the GoDARTS cohort were reported to be at increased risk for SAMS, which was defined as CK above the ULN after starting statin therapy (general statin intolerance), or discontinuation of two or more statins at the lowest approved doses irrespective of CK (low-dose intolerance). 57 The association of LILRB5 with SAMS was replicated in the PREDICTION-ADR cohort, based on CK >4 Â ULN, and in the JUPITER trial cohort, using patient-reported myalgia. 57 The overall odds ratio of SAMS with the risk genotype was 1.3 . Interestingly, this variant was associated with myalgia in patients assigned to both rosuvastatin and placebo in the JUPITER trial, suggesting that this variant may have statin-independent effects on myalgia.
LILRB5 is an innate immune receptor expressed predominantly in immune cells. How this protein mediates SAMS is unclear. It is hypothesized that LILRB5 may play a role in immune-mediated repair of skeletal muscle damage. 58 Direct experimental approaches to study this gene in relevant model systems will be needed to understand its role in SAMS. GWAS interrogate primarily common variants in the genome, but may not detect rare variants associated with SAMS. One exome sequencing study has been reported in 88 individuals with myopathy, without matched controls. A nonsense variant in the CLCN1 gene (rs55960271, p.Arg894Ter) was identified in four (4.5%) individuals. 41 This variant, which has a global minor allele frequency of 0.29%, 46 awaits further replication of its association with SAMS. 
HLA basis for statin-associated necrotizing myopathy
Statin-induced muscle complaints usually resolve following statin discontinuation. However, rarely statins can trigger a self-sustaining form of autoimmune myopathy, termed statin-associated autoimmune myopathy. This condition is associated with autoantibodies that recognize HMGCoA reductase (HMGCR), the pharmacologic target of statins and the expression of which is up-regulated in response to statin therapy. 59 These antibodies may have a direct pathogenic effect on muscle tissue expressing HMGCR. 60 Affected patients typically present with myalgia, proximal muscle weakness, CK levels over 1000 IU/L, and prominent myofiber necrosis on muscle biopsy. Patients with statin-associated autoimmune myopathy and anti-HMG-CoA reductase autoantibodies often require chronic immunosuppressive therapy to control the disease and prevent flares. While the SLCO1B1 rs4149056 variant is not a risk factor for developing statin-associated autoimmune myopathy, 61 the HLA class II allele DRB1*11:01 appears to be strongly associated with this disease. 62, 63 Indeed, one study 63 showed that 65% of white and 88% of African
American anti-HMG-CoA reductase autoantibody positive patients had the DRB1*11:01 allele, while only 7% and 11% of control whites and control African Americans, respectively, had a copy. Thus, the odds ratios for the presence of DRB1*11:01 in anti-HMGCR myopathy patients vs. controls are 24.5 in whites and 56.5 in African Americans. Nonetheless, despite these strong odds ratios, only a tiny fraction of patients with DRB1*11:01 will develop an autoimmune myopathy after statin 
Markers of underlying neuromuscular disease in SAMS
In a variety of primary neuromuscular disorders, the musculoskeletal effects of statins may unmask muscular symptoms and manifest as SAMS ( Table 3) . The earliest associations with inflammatory myopathies suggested a causal relationship. [64] [65] [66] [67] 85 However, whether these myositides were in pre-symptomatic or minimally symptomatic states that were made worse by statin exposure, or whether the statins induced the myopathy, is unknown. Statins have been shown to up-regulate atrogin-1 86, 87 and MHC-1 88 in skeletal myocytes-effects that can, in theory, contribute to weakness and inflammation, respectively. Patients with underlying neuromuscular disorders are thought to be more susceptible to SAMS but, to our knowledge, this has not been systematically investigated. Early suggestive evidence for such intolerance came from a report identifying an over-representation of heterozygous carrier status for two of the most common inherited myopathies in SAMS cases when compared with the background population frequency (i.e. PYGM, 20-fold; CPT2, 11-fold increase over population frequency). 76 Additional genetic myopathies have also been associated with statin intolerance, including acid maltase deficiency, 81 90, 91 With many of these case reports, it is unknown whether statin exposure played a causal role in unmasking the neuromuscular phenotype, or whether this was simply the natural progression of the condition.
Rare copy number variations in EYS (28 kb deletion) and LARGE (6.4 kb deletion) have been associated with SAMS. 92 Mutations in EYS cause autosomal recessive retinitis pigmentosa and have previously been associated with SAMS. 93 However, expression in the spinal cord and possibly the muscle suggest a potential role for the EGF-repeats to exert a Notch-1-like signalling effect on myoblast differentiation and skeletal muscle regeneration after exercise. 94 The laminin G domains of EYS may interact with a-dystroglycan which itself is modified by dolicholdependent N-linked glycosylation, a function possibly impaired by statins. 95 Interestingly, mutations in LARGE (acetylglucosaminyltransferase-like protein) cause autosomal recessive congenital muscular dystrophy, due to hypoglycosylation of a-dystroglycan and impaired laminin binding. 96 Several questions arise when considering the diverse nature of the reported neuromuscular conditions. First, do these patients harbour the same SAMS susceptibility loci as individuals without underlying neuromuscular disease? Second, if the neuromuscular disorder in fact represents a genetic susceptibility, then what is the magnitude of the risk for SAMS in such patients if exposed to statin? Additional studies in large cohorts of well-phenotyped individuals will be needed to answer these questions.
Multi-omic networks
Candidate gene and GWAS have identified single genes associated with SAMS, but leave unexplained most of the risk for this condition. This suggests that understanding the molecular mechanisms underlying SAMS will require additional strategies. One approach is the use of multi-omic networks 97 to study the contribution of transcription, metabolism, and metabolite levels to SAMS. A potential role for gene expression networks in SAMS was identified in a recent study that compared transcriptome-wide gene expression patterns from muscle biopsy specimens of patients with reproducible muscle symptoms occurring with statin use, compared with statin-tolerant controls. 98 Patients with statin-induced myalgia displayed a distinct programme of gene expression patterns that differentiated them from controls. The most significantly up-regulated genes included HECTD2-AS1, UCP3, and ALDOA, whereas the most significantly down-regulated genes included MFF, HLA-DRB6, and NNMT. Mitochondrial myopathy Variable; muscle weakness with multi-system involvement 74, 75 McArdle disease Exercise intolerance, fatigue, myalgia, cramps [76] [77] [78] Myotonic dystrophy 1 and 2 Weakness of facial and hand muscles (DM1) or neck and finger flexors (DM2); myotonia, cataracts 79, 80 CPT2 deficiency Muscle weakness, myoglobinuria 76 Acid maltase deficiency Muscle weakness in limb-girdle distribution 81 Rippling muscle disease Muscle weakness in limb-girdle distribution 82 Amyotrophic lateral sclerosis Upper and lower motor neuron involvement 83 Muscle phosphorylase b kinase deficiency Muscle weakness, hepatomegaly, myotonia 84 Myoadenylate deaminase deficiency Exertional muscle weakness, cramps and myalgia 76 Kennedy disease Weakness of facial, bulbar and limb muscles 80 significantly altered in SAMS cases included cellular stress, immune response, protein catabolism, cholesterol bio-synthesis, protein prenylation, and RAS-GTPase activation. These observations suggest the presence of a unique network of gene expression changes in patients with SAMS and speak to the potential utility of multi-omic-based network analyses to more fully elucidate the molecular mechanisms involved in patients with SAMS. Transcriptome level data from patient-derived LCLs have been shown to explain a proportion of the variance in LDL-C response to statins and may also have relevance for prediction of SAMS. 99 Additional approaches that combine combinations of genomic, transcriptomic, and clinical data may result in improved clinical accuracy in the prediction or diagnosis of SAMS. While most work to date has focused on transcriptome level data, multi-omic approaches could also include assessment of proteomic, metabolomic, epigenomic, or microbiomic profiles that correlate with SAMS, providing further insight into its molecular causes. For example, statin therapy has been shown to result in profound changes in the gut microbiome in mice, 100 and the levels of bacterial-derived bile acids correlate with the magnitude of LDL-C lowering in statin-treated patients. 101 Whether statin-induced changes in the microbiome are predictive of SAMS remains to be investigated.
Clinical utility of genetic markers for SAMS
To what extent can knowledge of the genetics of SAMS be used to more effectively treat patients and optimize adherence to statins? The SLCO1B1 rs4149056 variant is by far the most robustly associated variant with SAMS, suggesting that testing for this variant may be used to identify or prevent SAMS. However, despite its highly statistical significant association with SAMS, data to support the clinical validity of testing for rs4149056 remain limited. Based on published data, the sensitivity and specificity of one copy of the rs4149056 risk allele is estimated to be 70.4% and 73.7%, respectively. 102 The corresponding positive and negative predictive values are 4.1% and 99.4%, respectively. The low positive predictive value relates to the fact that while rs4149056 is common (12.9%), statin myopathy is rare (typically <1 in 10 000 individuals 103 ). These observations suggest that SLCO1B1 genotype, in isolation, lacks sufficient sensitivity and specificity to be used as an accurate diagnostic test for SAMS. The relatively high negative predictive value may be helpful to rule out true statin-induced myopathy, particularly in response to simvastatin.
Notwithstanding this, genetic testing may be of clinical benefit to patients and providers in optimizing medication adherence through provision of reassurance. The potential clinical benefit of genotype-guided statin therapy has been explored in a small, non-randomized trial of 58 patients non-adherent to statins who underwent genotyping of rs4149056 with results provided to the patients and their primary care physicians, as well as 59 control individuals who did not undergo genotyping. 104 Patients who underwent genotyping had an increase in their perceived 'need for statin to prevent sickness' and a decrease in their perceived 'concern for statin to disrupt life'. Genotyped patients also had an increased rate of new statin prescriptions, and a greater decrease in LDL-C compared with non-genotyped patients. Interestingly, the benefit among genotyped patients was present in both carriers of the rs4149056 risk allele and non-carriers, suggesting that genetic testing, regardless of the test result, may provide benefit to patients and providers in terms of addressing concerns about perceived risk of ADRs, participating in shared-decision making, and optimizing medication adherence. The observations from this small trial are currently being explored in a larger, randomized trial of rs4149056 genotyping. 105, 106 Future studies addressing the cost-effectiveness of these approaches would be needed to support broader adoption of this type of pharmacogenetic testing. Already, genotyping for SLCO1B1 is offered by many commercial services and can be accessed by providers in many jurisdictions. The role of rs4149056 genotyping is also being investigated in a randomized clinical trial in which 400 statin-naive patients will undergo genotyping, and be randomized to receive genotype results immediately, or after 1 year. 107 The primary outcome is change in LDL-C, and secondary outcomes will include SAMS, and concordance of statin use with professional society recommendations. Several healthcare systems and jurisdictions have established pharmacogenetic implementation programmes that include pre-emptive genotyping of SLCO1B1 (i.e. genotyping performed in individuals who do not currently have an indication for the associated medication). These include the PREDICT programme at Vanderbilt, 108 52 The availability of evidence-based non-statin therapies to reduce LDL-C and lower cardiovascular risk 114, 115 provides new opportunity to treat patients in whom the presence of SAMS precludes adequate treatment of LDL-C-related risk. For example, in the GAUSS-3 trial of patients with a history of SAMS, 42 .6% of patients experienced muscle symptoms while receiving blinded atorvastatin but not placebo. When these same patients were randomized to ezetimibe or evolucumab in Phase B, muscle-related events occurred less frequently (in 20.7% of patients randomized to evolocumab and 28.8% randomized to ezetimibe). 9 Evolocumab was associated with a significantly greater reduction in LDL-C compared with ezetimibe. Knowledge of a patient's genetic risk profile for SAMS may, therefore, aid in the earlier selection of evidence-based, non-statin therapies for patients with high risk for SAMS.
Future directions
Given the limitation of SLCO1B1 genotyping in accurately identifying patients at risk of SAMS, it seems likely that new approaches will be required that incorporate other sources of data to improve clinical validity.
A score based on the number of risk alleles in three candidate genes, COQ2, ATP2B1, and DMPK, has been shown to provide good discrimination between patients with or without statin-associated myalgia. 30 Clinical factors are also known to influence risk for SAMS, including advanced age, female sex, lower body mass index, and renal or hepatic dysfunction. 29 A dosing algorithm incorporating SLCO1B1 genotype, ABCG2
genotype, sex, age, body mass index, and time of last dose predicts plasma drug levels of rosuvastatin and atorvastatin. 116 Patients predicted to tolerate high-dose atorvastatin using this model had greater adherence to 80 mg of atorvastatin after 1 year compared with patients predicted not to tolerate this dose, although the difference did not reach 116 Future studies incorporating clinical variables, risk genotypes, transcriptome data, and metabolite profiling may be able to further refine risk prediction for patients at risk for SAMS.
Summary and conclusions
SAMS is a major contributor to under-use of statins and to an increase in preventable morbidity and mortality in patients for whom statin treatment is indicated. The genetic basis of SAMS has been investigated extensively, and points towards multiple pathways that can lead to SAMS (Figure 1) , including altered statin pharmacokinetics, immunological response, muscle regeneration, mitochondrial function, and possibly underlying susceptibility to inherited myopathy. Clinical implementation of pharmacogenetic testing for some of these markers is being studied in many healthcare systems, and preliminary findings suggest that this approach may improve patient adherence to statins. Future studies focusing on multi-omic networks will help to further delineate the molecular pathways involved in SAMS and may lead to more personalized approaches to optimize statin use. 
